ABSTRACT. This paper provides new accelerator mass spectrometry (AMS) radiocarbon age data for the last volcanic events in the Carpathian-Pannonian region of eastern-central Europe. The eruption ages were determined on charcoal fragments collected from pumiceous pyroclastic flow deposits at 2 localities of the Ciomadul Volcano. Two charcoal samples from the southeastern margin of the volcano (Bixad locality) set the date of the last volcanic eruption to 27,200 ± 260 yr BP (29,500 ± 260 cal BC). On the other hand, our data show that the Tusnad pyroclastic flow deposit, previously considered as representing the youngest volcanic rock of the region, erupted at ~39,000 yr BP (~41,300 cal BC). Thus, a period of dormancy more than 10,000 yr long might have elapsed between the 2 volcanic events. The different ages of the Tusnad and Bixad pyroclastic flow deposits are confirmed also by the geochemical data. The bulk pumices, groundmass glass, and the composition of the main mineral phases (plagioclase and amphibole) suggest eruption of slightly different magmas. Considering also the assumed long volcanic history (~600 ka) of the Ciomadul, these data suggest that further detailed studies are necessary on this seemingly inactive volcano in order to evaluate the possible renewal of volcanic activity in the future.
INTRODUCTION
A potentially active volcano is generally considered to be one that erupted in the last 10 ka, i.e. during the Holocene (Simkin and Siebert 1984) . However, dormant periods between volcanic eruptions could be several tens or hundreds thousand years in certain cases (e.g. Yellowstone; Gansecki et al. 1998; Lanphere et al. 2002) . Thus, possible renewal of volcanic activity after a long quiescence period in a seemingly quiet region should be evaluated with great caution. This is mainly due to the different timescales of natural processes and human thought. Classification of volcanoes as to whether they are active or extinct is often controversial (e.g. Szakács et al. 1993) , as shown also by the recent example of the unexpected eruption of the Chaitén Volcano after 9000 yr of quiescence (Carn et al. 2009; Lara 2009 ). Furthermore, our understanding on the activities of volcanoes is still poor. Large caldera systems could be active for millions of years, whereas andesite-dacite composite volcanoes often have a shorter history (usually <500 ka; Simkin and Siebert 1984) . In order to better understand the behavior of an apparently inactive volcano and evaluate the possible rejuvenation of the volcanic eruption, it is crucial to constrain the duration of the active and dormant periods and, of course, to know the date of the last eruption.
In the Carpathian-Pannonian region of eastern-central Europe, several volcanic centers have been active during the last 20 Myr (Szabó et al. 1992; Harangi 2001; Seghedi et al. 2005; Pécskay et al. 2006; Harangi and Lenkey 2007) . Although they show a decreasing frequency during the Quaternary and no known eruptions have occurred during the Holocene, Szakács et al. (2002) did not exclude the possibility of further volcanic eruptions in the future. The last volcanic eruption in this region took place in the Ciomadul Volcano, SE Carpathians (Juvigne et al. 1994; Moriya et al. 1996; Szakács et al. 2002) , which shows a fairly long history of volcanic activity (>500 ka; Szakács et al. 1993 ). However, the exact age of the latest eruption is not known. This is largely due to the fact that application of conventional dating techniques is problematic for these rocks due to their very mixed character. However, because the pyroclastic flow deposits contain occasional charcoal fragments, radiocarbon dating could be a powerful tool to resolve this question.
Previously, Juvigne et al. (1994) obtained an age of 10,700 ± 180 yr BP for the last eruption based on analysis of a piece of charcoal sample from the pyroclastic flow deposit at the Tusnad road cut, at the western margin of the Ciomadul Volcano (Figure 1 ). Later, Moriya et al. (1995) re-examined this locality and provided a much older age (>36,770 and 42,650 yr BP) by dating organic material from the paleosoil underlying the volcanic series. Subsequently, Moriya et al. (1996) were able to analyze another charcoal sample from the upper part of the pyroclastic flow deposit, approximately at the same level where the sample of Juvigne et al. (1994) was collected, and obtained a very similar age as the dated paleosoil (>35,670 and >35,520 yr BP). Thus, the controversy concerning the age of the last volcanic eruption remains.
Here, we provide new accelerator mass spectrometry (AMS) 14 C age data for the last volcanic event of the Ciomadul Volcano. Based on our results, we point out that the youngest volcanic deposit is found not at Tusnad, as previously generally believed (Juvigne et al. 1994; Moriya et al. 1995, 1996), but at the southeastern margin of the volcano, where a 14 C age of the last volcanic eruption is 27,500 yr BP (29,500 cal BC). In addition, this eruption was preceded by another significant explosive volcanic event, which resulted in a pyroclastic flow deposit, exposed at Tusnad. The age of this deposit is ~39,000 yr BP (41,300 cal BC). The distinct age of these 2 pyroclastic flow deposits is supported also by the different geochemical characteristics of the rocks.
GEOLOGICAL BACKGROUND
The Ciomadul Volcano is located at the southeasternmost margin of an ~100-km-long volcanic chain (Calimani-Gurghiu-Harghita Mountains) at the inner foot of the East Carpathians (Figure 1) . Remarkably, there is a gradual younging (from 9 to ~0.22 Ma) of the volcanic activity from north to south (Peltz et al. 1987; Pécskay et al. 1995) . The volcanic eruptions resulted in andesitic to dacitic rocks with a typical calc-alkaline character. Within the Harghita Mountains, a sharp change in the composition of the magmas is observed at ~3 Ma (Seghedi et al. 1987; Szakács et al. 1993; Mason et al. 1996) . The erupted <3-Ma magmas are more potassic and are characterized by different trace element abundances. The Ciomadul Volcano has been built up also by these potassic dacite rocks. Volcanic eruptions started at about 1-0.75 Ma, forming sporadic dacitic lava domes, whereas the major lava dome building phase was thought to be at ~650-500 ka based on K/Ar radiometric data (Szakács et al. 1993; Pécskay et al. 1995) . This volcanism created a lava dome complex. Subsequent explosive eruptions formed 2 explosive craters within it (Mohos and St. Ana). Among them, the St. Ana crater is filled by a lake, which is 6 m deep and consists of ~12-m-thick sediments (Magyari et al. 2009 ). It is surrounded by a crater rim emerging 300-400 m above the lake level. This crater dimension requires a violent explosive eruption in the past.
The explosive volcanic eruptions formed various pumiceous pyroclastic deposits; however, their outcrops are scarce. The pyroclastic fall beds as well as pyroclastic flow and surge deposits are found mostly around the 2 craters, but also in distal position as far as 25 km away from the volcano (Moriya et al. 1995; Vinkler et al. 2007) . Distinction between the volcanic formations derived from the older Mohos crater and the younger St. Ana crater is difficult both in the field and also based on geochemical data. Conventional dating methods cannot be applied successfully for these rocks because they contain a thoroughly mixed crystal assemblage. In certain rocks, the relative amount of antecrysts and xenocrysts could exceed even ~50 vol% of the crystals. These represent either an older crystal mush or are derived from mafic magmas intruded into the dacitic magma chamber (Vinkler et al. 2007; Kiss et al. 2008) . All the minerals potentially available for radiometric dating (e.g. zircon, K-feldspar, biotite, and some of the amphiboles) are interpreted as antecryts picked up from an older crystal mush by the fresh dacitic magma. Thus, charcoal samples become very significant in dating the volcanic activities.
Sporadic charcoal fragments have been found in 2 pyroclastic flow deposits at the margins of the Ciomadul Volcano. Massive pyroclastic flow deposits containing pumiceous blocks are exposed along a road cut, south of Tusnad, at the western margin of the volcano (Moriya et al. 1995 ; Figure  1 ). It has traditionally been considered as the youngest volcanic rock (Juvigne et al. 1994; Moriya et al. 1995 Moriya et al. , 1996 . Recently, Vinkler et al. (2007) described another locality of pyroclastic flow deposit at the southeastern margin of the volcano, along a road coming from Bixad to the St. Ana crater lake. It is important to note that these are the only detailed studied pyroclastic flow deposits in Ciomadul.
Samples
Charcoal fragments were found at 2 localities of pyroclastic rocks at Ciomadul Volcano (Tusnad and Bixad). They indicate high temperatures (~300-600 C; Scott and Glasspool 2005) of the pyroclas-tic density currents, sufficient to burn and carbonize woods. Such fragments provide a unique opportunity of dating young (<60 ka) volcanic events (e.g. Orsi et al. 1996; Okuno and Nakamura 2003; Solomina et al. 2008; Zaretskaia et al. 2001) . At the Tusnad road cut, a ~10-m-thick massive pyroclastic flow deposit is found overlaying well-sorted pumiceous pyroclastic fall beds (Moriya et al. 1995; Vinkler et al. 2007 ). It is a lapilli tuff with occasional pumiceous dacite blocks (Figure 2A ). These blocks are crystal-poor and contain dominantly plagioclase and amphibole and less biotite phenocrysts and antecrysts with accessory minerals of apatite, ilmenite, sphene, and zircon. Occasionally, Mg-rich clinopyroxene and orthopyroxene xenocrysts are found in the core of amphibole phenocrysts. Charcoal fragments up to 2 cm diameter are sporadically found ( Figure 2B ), mostly in the upper half of the pyroclastic flow deposit. Here, we collected 6 g of pure charcoal, which we prepared for accelerator mass spectrometry (AMS) 14 C dating. The position of this sample is similar to those analyzed by Juvigne et al. (1994) and Moriya et al. (1996) . The other outcrop (Bixad) exposes a paleovalley filling pumiceous block-bearing pyroclastic flow deposit ( Figure 2C ), which contains more abundant and larger charcoal fragments than the Tusnad locality. Charcoal pieces up to 10 cm long occur mostly at the base of the deposit ( Figure 2D ). We collected 2 charcoal samples from this locality. The mineral composition of the pumiceous blocks is the same as in the Tusnad locality.
METHODS
All of our charcoal samples were 14 C AMS dated in the NSF Arizona AMS Laboratory. Charcoal is a heterogeneous material, and the removal of contaminating carbon-containing components is a challenging problem during sample preparation for 14 C dating (Alon 2002) .
Charcoal from geological sites is composed of the charred organic material itself and its diagenetic decomposition products. However, it may also contain associated humic substances (HS) thought to be derived from groundwater, and adhering carbon-containing sediments. For the purposes of 14 C dating, the latter 2 components are considered contaminants of the charcoal, as they may contain relatively large amounts of carbon that do not necessarily originate from the same time as the plant material from which the charcoal was derived. Furthermore, the chemical structure of the charcoal itself varies considerably according to the type of burnt material, the conditions of combustion, and the preservation environment following deposition and burial (Guo and Bustin 1998; Nishimiya et al. 1988; Darmstadt et al. 2000) .
To solve this problem, we treated the samples first with hydrochloric acid to remove associated carbonates and carbonated apatite, followed by repeated treatments with a dilute solution of sodium hydroxide to remove the humic substances. Finally, the sample is washed again in acid to remove absorbed carbon dioxide, and then dried. This is referred to as the acid-alkali-acid (AAA) procedure (Olson and Broecker 1958; Hatté et al. 2001) . The effectiveness of the treatment was evaluated by the absence of color in the extracting alkali solvent solution. Extracted HS from each charcoal samples were precipitated by hydrochloric acid addition and this precipitation was decanted, washed until pH ~ 3, and dried for parallel 14 C dating with the charcoals.
In addition, we collected pumices from both localities and analyzed them for bulk rock major and trace element composition as well as for the chemical composition of the main mineral phases (plagioclase and amphibole) and the groundmass glasses. The bulk rock compositions were determined by a PHILIPS PW2400 sequential X-ray spectrometer and ICP-MS methods at the Department of Lithospheric Sciences, University of Vienna, whereas the mineral phases and the groundmass glass were analyzed by a CAMECA SX100 electron-microprobe using 15 kV voltage and 20 nA beam current. For the glasses, we used a defocused beam to minimize the alkali loss. A representative set of geochemical data is found in Vinkler et al. (2007) .
RESULTS

Geochemical Compositions
Both outcrops expose pumiceous pyroclastic deposits, which contain <5% of lithic clasts, mostly glassy dacites. We collected sets of pumiceous blocks from different heights of the outcrops. The bulk pumices are potassic dacites with SiO 2 ranging from 64 to 67 wt% and K 2 O content of 3.1-3.5 wt%. Pumices from the Tusnad locality are usually more silicic than those from the Bixad road cut. This is reflected also in the composition of the glassy groundmass (Figure 3) . The pumices contain the same mineral phases; however, their compositions differ significantly. Plagioclases in the Tusnad outcrop usually have a 20-40 mol% An component, whereas in the Bixad locality, they are more calcic (An 40-50 mol%; Figure 3 ). Amphiboles are usually edenites in the Tusnad pumices, whereas 
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in Bixad, pargasites and magnesio-hastingsites are also common. There is a striking difference also in the Al 2 O 3 content of the amphiboles. The Tusnad amphiboles have <10 wt% alumina, whereas the Bixad pumices include more Al-rich amphiboles (Al 2 O 3 = 10-12 wt%; Figure 3 ). Figure 3 Characteristic geochemical features of the mineral phases (plagioclase and amphibole phenocrysts) and pumice groundmass glass from the 2 pyroclastic deposits of the 2 localities. An = anorthite content (mol%) of the plagioclase.
Radiocarbon Age Data
14 C dating results of charcoal samples are listed in Table 1 . Purified pretreated charcoal and their separated humic fractions were also 14 C dated. In the case of the Bixad samples (code Bx-), no significant difference was observed between the humin and charcoal ages (~28,000 yr BP) and the stable isotope results obtained. Thus, it could be considered that in the case of Bx samples, the humin fraction originates only from diagenetic decomposition products from the charcoal. On the other hand, we observed significantly older humin relative to its charcoal age in the case of samples from Tusnad (code: TF). Furthermore, the charcoal from Tusnad was also significantly older (38,700 ± 1000 yr BP) than that from Bixad. For Tusnad samples, during the preparation of humin fraction we had greater problems with samples chemical behavior as they formed stable precipitates only in more acidic conditions (pH~1) than usual. Age calibration was carried out using CALIB Rev 6.0.1 (Reimer et al. 2009 ; http://intcal.qub.ac.uk/calib/). Thus, the pyroclastic flow deposit at Bixad could have erupted at 29,500 ± 260 cal BC, whereas that at Tusnad was formed at about 41,300 cal BC.
DISCUSSION
New AMS 14 C data on charcoal fragments found in pumiceous pyroclastic deposits at 2 localities of the Ciomadul Volcano constrain the age of the last volcanic eruption. These data reveal that the youngest volcanic product is found at the southeastern margin of the volcano, cropping out at the Bixad road cut and not at Tusnad as previously proposed (Juvigne et al. 1994; Moriya et al. 1995 Moriya et al. , 1996 . For the Bixad samples, we obtained consistent ages from 2 charcoal samples that set the date of the last volcanic eruption to 29,500 ± 260 cal BC. Previous 14 C dating on charcoal samples from the Tusnad locality was ambiguous. Our new data (38,700 ± 1000 yr BP, i.e. 41,300 cal BC) confirm the older ages obtained by Moriya et al. (1996) . The slightly unusual chemical features of humin from the Tusnad sample (described earlier) could have caused problems during sample preparation and could have resulted in the unreliable age obtained by Juvigne et al. (1994) .
The distinct ages of the Tusnad and Bixad pyroclastic flow deposits are confirmed also by the geochemical data (Figure 3) . The bulk pumices, groundmass glass, and composition of the main mineral phases suggest eruption of slightly different magmas. The explosive eruption resulted in the Tusnad pyroclastic flow was fed by a more evolved magma coming from a shallower depth. The composition of amphiboles and the groundmass glasses indicate about 4 km depth of the magma chamber for the Tusnad magma, whereas the erupted magma resulted in the Bixad pyroclastic flow could come from about the 5-12 km depth interval. 49,000 ± 3600 n/a AMS The new age data provide additional important information about the temporal evolution of the youngest volcanic activity of Ciomadul. Previously, 2 major explosive eruption events were suggested forming the Mohos and St. Ana craters, respectively (Szakács et al. 1993) . The age of the Mohos eruption is unknown, but should be significantly older than that of St Ana. The pyroclastic flow deposits at Tusnad were connected to the St. Ana eruption. Accepting this former conclusion (Szakács et al. 1993) , our new data indicate that there were at least 2 major explosive volcanic eruptions from the St. Ana crater with a possible repose time of more than 10,000 yr. This reinforces the unusual behavior of the Ciomadul Volcano, i.e. long quiescent periods could elapse between the active phases. Unfortunately, the lack of suitable mineral phases for radiometric dating in other eruptive products prevents the more refined evaluation of the temporal evolution of the volcano. In this context, the geochemical signatures of the rocks could have significance. The Tusnad rocks appear to have unique mineral chemical composition compared with the lava dome rocks and pyroclastic samples except for the Kövesponk lava dome found in the southern margin of the St. Ana crater. Thus, it could represent eruption of a distinct magma type.
The Ciomadul Volcano has an unusual character. Although it is a low-productive volcano, it has a relatively long eruptive history. A single K/Ar radiometric age date indicates that the Mohos crater could have been active at ~220 ka, whereas the active lava dome-building phase was at about 650-500 ka (Szakács et al. 1993; Pécskay et al. 1995) . Thus, even a longer repose time might have occurred during the past. These data, along with our new 14 C data, suggest the importance of careful investigation of seemingly quiet volcanoes, which show long dormant periods between active phases. In this context, we cannot consider unambiguously the Ciomadul Volcano as an inactive volcano, and further investigations are necessary to get a more refined data for its temporal evolution.
CONCLUSIONS
The new 14 C data provided valuable information on the behavior of the Ciomadul Volcano and help to constrain the time of its last eruption The main conclusions are the following:
1. The last volcanic eruption occurred at about 27,500 yr BP (i.e. 29,500 cal BC). 2. The product of the youngest eruption is exposed at the southeastern margin of the volcano (Bixad locality) and not at the western one (Tusnad locality) as was previously thought. Our new data confirms the age for the Tusnad pyroclastic flow provided by Moriya et al. (1996) . The Tusnad pyroclastic flow erupted 41,300 cal BC. 3. A striking new result is that there were at least 2 major explosive eruptions, not a single one, related to the formation of the St. Ana crater. This is supported also by the geochemical data of the pumices and the main mineral phases. The youngest eruption could have occurred after a quiescence period of possibly more than 10 ka. 4. Further dating for the time of the older eruptions is crucial to understand the nature of the volcano and to evaluate the characteristic repose time of Ciomadul. A zircon dating is in progress that could constrain also the residence time of the magma reservoirs.
